/ 


AD--A264  700 

11111111 


orricB  or  mavkl  uESEARai 

V 

Contract  IKKl014>gi-J-1917 
Toclinieal  Kaport  No.  8 


Coordination  CM^wunds  of  Alualntaa  aa 
Pracuraora  to  Aluainluai  Nltrida 

By 

Or.  Leonard  V.  Xntarraata 


Praparad  for  Pobllcatlon  in 
Coordination  Chaaistry  Raviawa  (1993) 


Ranaaaiaar  Polytachnis  Xiiatituta 
Dapartnant  of  Chaaiatry 
Troy,  NY  12180-3590 


s 


DTIC 

E.LECTE 
MAY  2 119931 

e 


Hay,  1993 


Rayroduction  In  wliola  or  in  part  la  yaralttad  for 
any  pwrpoaa  of  tita  Uni  tad  Statns  Govamaant 


Thia  doeuaant  Itaa  baan  ai>|>rovad  fur  public  ralaaaa 
and  aaiai  ita  diatrtlnition  la  uiiliaitad. 


98  5  20  03  7 


93-11328 


RfPOKT  OOCUMfNTATION  RAfif 


4  ONCAMUAIION  HSWKT 

8 


Sa  NAMi  04  ffUfORMIftO  OaCANOATlON 

Ranaaalaar  Polyeachnlc  Inst. 

to  offici  STMaot 

(It  aawMratea) 

tc  AOOdfSS  <C(y.  Stare,  and  Codot 
Odparemant  of  Chamiatry,  RPI 
Troy,  m  12180-3590 

•a  NAMt  04  fUNOtNOiSPONtOaiNO 

M  Cf4<I  STMgOi. 

OROAMliATION 

Offic*  of  Naval  Rasaarch 

at  aasteadfal 

■c.  AOOMSKCiy,  Star*,  and  flACod*)  1 

800  N.  Quincy  Scraae,  Coda  1513 
Arlington,  VA  22217-5000 

:ETP 

$  MO»«TOmi»0  OHUIWIATION  «SSO«r  Sk,V8l?:" 


7»  HAtH  Of  M^MTOMNO  04CA/it>2Ar.ON 

Offlc*  of  Mv&l  Roaaarch  (Cod*  418) 


^  AOO«tss<c«  imm. 
Choalaery  Profraa 
800  H.  Qulaqr  Str**t 
Arllngeos  fA  22217 


«  MIOCUMMINT  atmuMCNT  iOfNTif<CAriON  NUMII* 

N00014-91-J-1917 


'0  SOUKt  Of  fuliOiwO 


MOCIIAM 
iLIMiNT  HO 


^pio'‘R8T 

4134058-2 


It  rirul  (Mc/uOf  it<unVf  CffH^fM*!) 

Coordination  Compounds  of  Aluminum  as  Precursors  to  Alumialiat  Nitrida 


12  fmsONAk  aurnoms) 

Frederick  C.  Sauls  and  Leonard  V.  Interrante 


1 2*  rvft  0»  siwaT  |i]*.  T1MI  coviRiO 

Technical  I  4ilOM _ TO _ 


t«  SufaUMINTAST  i^fOrar'CN 

To  be  published  ins  Coordination  Chemistry'  Reviews  (1993) 


14  OATt  04  WfORT  (Mir, 

1993  Hay  10 


Oar)  M  »aci^  COUNT 


COSATI  COOIS 


(j«ou4  tus-oaou* 


I*.  SUiJiCT  T|«M1  (Connm**  on  rorom  ilittttturf  ona  Oy  iVoc*  '*wme*0 

Alufflinxim  nitride,  organomatallic  precursor,  polymer, 
organoaluminum  amide,  MOCVD,  ethylsnedlamina 


19  aSSTRACT  iContmuo  on  rovont  if  mcfigr  an*  i^notf  tr  8*eek  numoor) 

Twe  (iiOieifel  fjrdcnM  tew  b««i  etfitilariJ  iw  powniM  fowicn  tt  thmiim  ateM^  tm  teportant 
ctetreeie  aad  Hredatal  eirwiie  nMlaiiaL  Cjrdie  otianoahimiahini  amiJm  sMsiaad  is  Umiiiila  la 
(he  iheiaiolsriliof  lrialk2<alNimM«ffl;iifNnonia  Lewto  tdd-teaa  eomifteimkns  ban  Hsd  leeblaie  AIN 
powder  aad  tf  preeataoif  for  tte  chemical  vapor  Jcporitioa  of  AIM  fitea  Tte  Mnetaras  of  tee  ol  Iteea 
iniennsdia<«  were  deiermiaed  by  itii|ie<rrtlai  XRU  aad  tte  kbietica  md  iLvaMdisaadca  of  titer 
Ibtmalio*  ami  tterawl  decompositioa  (csctkma  were  alfo  ittaJled. 

Tte  facead  ifftcm  cmptorr  etbjrlenediamiM  w  |te  Lewis  baaa  la  caaMamlea  wMh  tte  RyAI  |R 
Me,  eo  compooada.  A  2: 1  ratio  of  El|AI  with  en  jrteldf  a  hydrowbaa  iilatili.  pelyawtic  amida  oa 
tlieimaiyiit,  which  can  be  uiied  to  twrpaie  AIN  film*  by  lolotion  coaliai  hAaaad  by  pyrolyte  la  Hllj. 
Lower  iwopoitiont  of  R  ,AI  to  *n,  on  theiiwoiyrU,  kid  to  tte  IbtmaUua  ot  RaAgea-lIlL  dtteer  rpwie* 
ihei  coatam  i-  end  €-eoonHneled  Al  atom*  clwiatcd  end  bridged  by  ea>SI  Igaada.  Oa  Itethar  beating, 
there  clutter  rpecic*  ippetently  go  on  to  form  crorr-linked,  iniolubi*.  poiyaHtk  aatworks  Ihreagh  condea- 
latfoa  reaction*  inrolring  tte  inultipi*  N-ll  end  R-AI  gioop*  oa  the  peiipbiry  of  tte  daalar  anicGules. 
1  he  itiuctaie*  of  two  of  tlsere  novel  Al-en  clutter  com|)Oond»  were  detmateed  by  ilagir-etyiral  XRD. 


CU*SS14<AriON 

one  U«w  I  . . . 


20  OjJTaiauTlC»t/*V*ILA*IUTV  04  AitTBACT 
IZrufrClASlIfllOtUNUMtTtO  □  UtW<  AS  teT 


22a  NAMI  04  RfSAONStlkl  iNOtViOUAk 

Dr.  John  Pazik 


00  fORM  1473,  ga  mar  U  ***  edition  may  o*  wiad  untn  emautiM 

Ait  otnar  edition*  ara  ooietet* 


lie.  OffiCI  STMiOt. 


BEST  AVAILABLE  COPY 


Coordination  compounds  of  aluminium  as  precursors  to 
aluminium  nitride* 

I  JL 

Frederick  C.  Sauls^and  Leonard  V.  Interrante^ 

‘Departmtnt  of  Chemistry,  King's  College,  Wilkes-Barre,  PA  IS71t  fOSAJ 
‘Department  of  Chen^try,  Rensselaer  PtiyttdaBc  Institute,  Troy,  NY  12180-3590  (USA) 

(Received  27  November  1992) 


CONTENTS 


Abstract .  000 

!.  Introduction  .  000 

Z  Studies  of  the  Me, AI+NH3-*AIN-f  3CH4  reactioa  lequence  .  000 

3.  Structures  of  the  isolated  atnide  intermediates .  000 

4.  Mechanisms .  000 

5.  CVD  studies  employing  [MCjAlNH,]] .  000 

Studies  of  the  RjAI+en  system .  000 

7|.  Conclusion  .  000  j 

Acknowledgments . 000 

References . 000 


ABSTRACT 

Two  diHerent  systems  have  been  esamined  as  potential  sources  of  aluminium  nitride,  an  important 
electronic  and  structural  ceramic  material  Cycl'c  organoatuminium  amides  obtained  as  intennediales  in 
the  thermolysis  of  trialkylaluminium  .'ammonia  Lewis  add-baae  compleses  have  been  used  to  obtain  AIN 
powder  and  as  precursors  for  the  chemical  vapor  depoaition  of  AIN  films.  The  structures  of  two  of  these 
inteimediales  were  determined  fay  iingle<rystal  XRD  and  the  kinetics  and  thermodynamics  of  their 
forniation  and  thermal  decomposition  reactions  were  also  studied. 

The  second  system  employs  ethylenediamine  as  the  Lewis  base  in  combination  with  the  R,A1  (R  » 
Me,  El)  compounds.  A  2:1  ratio  of  Et,Al  with  en  yields  a  hydrocarbon-soluble,  polymeric  amide  on 
thermolysis,  which  can  be  used  to  prepare  AiN  films  by  solution  coaling  followed  by  pyrolysis  in  NH,. 
Lower  proportions  of  R,AI  to  en,  on  thermolysis,  lead  to  the  formation  of  R„AI(en-2H).  cluster  species 
that  contain  5-  and  6-coordinaled  Al  atoms  chelated  and  bridged  by  en-2H  ligands.  Cn  further  healing, 
these  cluster  species  apparently  go  on  to  form  cross-linked,  insoluble,  polymeric  networks  through  conden¬ 
sation  reactions  involving  the  multiple  N-H  and  R-AI  groups  on  the  periphery  of  the  cluster  molecules. 
The  structures  of  two  of  these  novel  Ai-en  cluster  compounds  were  determined  by  single-crystal  XRD. 


•  Dedicated  to  the  memory  of  Professor  John  C.  Bailar,  Jr. 

Correspondence  to:  L.V.  Interrante.  Department  of  Chemistry,  King's  Cotlega)  Willies  Barssi  PA  18711.  . 
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I.  INTIOOUCnON 


Aluminium  nitride  is  a  ceramic  material  whose  properties  make  it  attractive 
for  a  wide  range  of  technological  applications  [1-73.  It  is  hard,  it  has  a  low  density, 
a  high  thermal  stability  and  is  self-protecting  in  oxidizing  environments.  When  pure, 
it  conducts  beat  very  well,  yet  its  wide  bandgap  gives  it  high  electrical  resistivity  and 
transparency  throughout  much  of  the  IR  and  visible  region.  It  is  piezoelectric  with 
a  high  acoustic  wave  velocity  and  its  coefficient  of  thermal  expansion  matches  that 
of  silicon  over  a  wide  temperature  range.  Finally,  it  is  a  non-strategic  material 
composed  of  terrestiaily  abundant  elements. 

On  the  other  hand,  its  extreme  hardness  and  high  melting  point  make  it  difficult 
to  prepare  in  the  form  of  thin,  adherent  films,  continuous  fibers,  or  to  sinter  into 
dense,  monoiitliic  shapes;  further,  impurities  seriously  degrade  its  thermal  and  other 
desirable  properties  [2,6,7].  It  is  thus  a  difficult  nuterial  to  use  in  practice. 

We  are  engaged  in  a  continuing  effort  to  design  polymers  and  small  molecules 
which  can  be  directly  converted  to  AIN  in  the  purity  and  physical  form  required  for 
use.  One  approach  that  we  have  employed  is  based  on  chemistry  first  reported  by 
Wiberg  (see  ref.  8^ 


(CH,),A1+NH3-*(CH,),A1NH,  (I) 

(CHj)jA1NH,-*(CHi)3A1NHi+CH4  (2) 

(CH,)aAINHa-.CHjAlNH-HCH4  (3) 

CHjAINH-*A1N  +  CH4  (4) 


Unfcrtunately,  the  direct  application  of  the  procedure  described  by  Wiberg  gives 
AIN  heavily  contaminated  with  carbon.  Moreover,  this  procedure,  as  described,  » 
also  unsuited  for  preparing  thin  films,  continuous  fibers  or  other  “shaped”  forms. 
On  the  other  hand,  the  two  starting  materials  in  this  reaction  sequence,  McaAl  and 
NHa,  have  been  employed  in  a  chemical  vapor  deposition  process  to  prepare  AIN 
films,  albeit  at  relatively  high  temperatures  and  with  attendant  problems  in  con¬ 
trolling  composition,  film  morphology,  etc.  [9-11]. 

Over  the  past  few  years,  we  have  carried  out  some  detailed  studies  of  the 
general  reaction  sequence  represented  in  eqns.  (l>-(^)-  Our  objectives  have  been  to 
understand  this  chemistry  more  fully  and  then  apply  what  we  have  learned  to  obtain 
useful  precursors  to  AIN.  In  these  studies,  we  have  employed  other  alkyl  groups  in 
place  of  methyl  on  the  A1  and  isolated  key  intermediates  for  structural  characteriza¬ 
tion.  We  have  also  carried  out  kinetic  and  thermodynamic  measurements  on  the 
“parent”  (R  »  Me)  reaction  sequence.  In  addition  to  providing  specific  information 
valuable  in  the  design  of  suitable  AIN  precursor  systems,  these  studies  have  contrib¬ 
uted  to  the  understanding  of  (he  factors  that  control  the  structure  of  organoalumi- 
nium  amides.  They  have  also  provided  an  unusual  opportunity  to  examine  in  detail 
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the  chemical  transfonnations  associated  with  the  evolution  of  a  molecular  species 
into  an  important  ceramic  product 

1  STUDIES  OrTHEM«,AI+NH,-»AiN-f]C3l,aEACnON  SEQUENCE 

Our  initial  studies  of  the  reaction  sequoioe  shown  in  Scheme  I  involved  the 
isolation  of  the  initial  I :  I  Lewis  acid-base  complex  (or  “adduct*^  as  well  as  the 
intermediate  "MejAlNH]”  amide,  and  the  examination  of  the  conversion  of  the 
adduct  to  the  amide  in  a  Pyrex  glass  pressure  vessel  [12].  The  plot  uf  system  pressure 
vs.  temperature  in  Fig.  I  was  obtained  by  monitoring  the  pressure  in  (he  reactor 
while  gradually  increasing  the  reactor  temperature.  The  onset  of  the  sharp  pressure 
increase  vs.  temperature  was  coincident  with  the  melting  of  the  adduct  at  ca.  SS*C 
By  ca.  70‘C,  the  liquid  had  solidified  once  again  and  the  further  pressure  increase 
with  temperature  from  there  to  ca.  I4()*C  was  found  to  correspond  to  that  expected 
on  the  basis  of  the  ideal  gas  equation.  At  140*C,  a  second  melting  transition  was 
observed  and  the  pressure  again  increased  more  rapidiy  with  increasing  temperature. 
The  gas  evolved  in  this  experiment  was  subsequently  identified  as  metharte  by  gas 
chromatography. 

DSC  studies  of  this  process  [  1 3]  yielded  the  enthalpy  changes  for  the  conversion 
of  the  neat  adduct  to  amide  and  the  amide  to  imide  (reactions  (2)  and  (3)  in  Scheme  1). 
No  heat  efiect  due  to  the  final  step  in  the  conversion  (reaction  (4))  was  found  by 
DSC  In  addition,  the  enthalpy  change  associated  with  the  Lewis  acid-base  reaction. 


Fia  I.  Ounget  in  prenure  aocompuyinf  the  IhermotyM  ot  (CH,),AINH,. 
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eqn.  (1),  was  measured  is  benzene  solution  by  adding  NH}(g)  to  a  solution  of  MejAL 
These  enthalpy  changes  ate  given  in  Table  I. 

The  substantial  A/f  for  the  first,  NH3  coordination,  reaction  is  not  surprising; 
similar  values  have  been  observed  for  related  Lewis  acid  base  leactions  involving 
McjAl  with  organic  amines  [14],  The  values  for  the  next  two  reactions  approximate 
well  the  diflerence  between  the  strengths  of  the  C— H  A!— N  bonds  formed  and  the 
Al— C+N— H  bonds  brokea  This  is  consistent  with  the  stepwise  build-up  of  the 
tetrahedrally  bonded  AIN  framework  from  the  initial  single  Al— N  bond/AH N  unit 
in  the  MejAl:NH3  adduct  The  reason  for  the  small  AH  in  the  last  reaction  is  not 
clear;  it  may  be  an  artifact  due  to  the  wide  transition  range. 

These  initial  studies  served  to  demonstrate  the  stepwise  nature  of  at  least  the 
first  two  stages  of  the  conversion  of  the  adduct  to  AIN. 

The  intermediate  organoaluminium  amide,  “MejAlNHi'*  is  a  crystalline  solid 
that  sublimes  readily  at  ca.  70*C  in  vacuum  and  which  is  stable  up  to  its  melting 
point,  ca.  140*C  On  melting,  it  gradually  converts  to  an  insoluble,  infusible  solid  of 
the  approximate  composition  “MeAlNIT’.  Elemental  analysis  and  solid-state  NMR 
studies  indicate  that  this  is  a  material  of  variable  composition  with  a  complex, 
presumably  crosslinked,  polymeric  structure  involving  four-coordinate  Al  atoms. 
This  solid  gradually  loses  methane  on  heating  above  200"C  to  yield  a  black  solid. 
Powder  XRD  studies  of  this  solid  do  indicate  the  presence  of  AIN;  however,  its  black 
color  and  the  results  of  elemental  analyses  suggest  strongly  that  the  final  stage  of 
the  conversion  is  not  as  well  defined  as  the  two  previous  stages,  and  that  at  least 
some  of  the  remaining  Me  groups  are  converted  to  elemental  carbon. 

X  sraucTuaes  of  thc  isolated  amide  mTEXMEOUTEs 

As  indicated  above,  the  enthalpy  data  obtained  for  the  first  two  stages  of  the 
thermal  decomposition  of  the  adduct  are  consistent  with  a  stepwise  conversion  of 
the  initial  Lewis  add-base  complex,  which  obviously  has  only  one  A1~N  bond  per 
AIN  unit,  to  oligomeric  and  polymeric  strtictures  which  have,  respectively,  two  and 
three  Ah-N  bonds  per  AIN  unit  The  oligomerization  of  the  organoaluminium  amides 

TABLE  1 

Enthalpies  of  reaction 

Reaction  AH 

(kJ  mol"’) 


MejAl4'NHj-»Me3AINH)  (benzene  solutkNi)  —93 

Me,AINH,->)(Me,AlNH,},+C:H«  (neat)  -82.2 

l(MeyAINH,),-.i(MeAINH),+CH«  (neat) 

I  '  "  on 

-(MeAlNH).-. AIN + CH«  (neat)  ' 

ft  —  -  - -  _  - - - - 
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and  imides  is  well  known  [15].  and  can  be  conndered  as  a  natural  consequence  of 
the  general  tendency  of  A1  to  occur  in  a  four-fold,  |»eu(fo  tetrahedral,  coordination 
environment  While  hi^er  cooidination  numbers  are  known,  they  usually  appear  in 
compounds  in  which  the  steiic  requirements  are  somewhat  unusual  (vide  infra). 

In  the  case  of  the  amides,  RjAINRj,  both  dimeric  and  trimeric  molecular 
species  have  been  identified,  with  the  NR]  groups  serving  as  bridging  ligands  in  a 
four-  or  six-membered  (AIN)^  ring  system  [15],  In  the  case  of  the  RjAJNH]  amides, 
little  detailed  structural  informatiou  was  available  prior  to  our  investigation  of  this 
system,  although  Wiberg  had  suggested  that  the  McjAlNH]  compound  was  dimeric 
ba%d  on  boiling  point  measurements  in  liquid  ammonia.  We  were  successful  in 
obtaining  single  crystals  of  both  this  compound  and  its  t-butyl  analog,  (t-BuljAlNHj, 
suitable  for  XRD  studies  [16]. 

Our  structural  studies  of  the  MejAINH]  amide  showed  this  molecule  to  be 
trimeric  in  the  crystal  with  a  skew-boat  Al-N  ring.  The  geometry  about  the  A1  and 
N  is.  as  expected,  {»eudo-tetrahedraL  However,  the  bond  angles  within  the  ring  differ 
substantially  from  the  ideal  109*.  The  N— Al— N  bond  angles  average  101.4*;  the 
Al— N— Al  122.1*.  This  contrasts  markedly  with  the  behavior  of  the  saturated  hydro¬ 
carbon  ring  systems,  where  substantial  deviations  from  tetrahedral  geometry  about 
carbon  are  uncommon.  We  hypothesize  that  these  deviations  are  allowed  principally 
by  the  large  electronegativity  difference  between  Al  and  N,  and  the  resulting  partial 
ionic  character  of  the  bonds.  The  hybridization  requirements  would  be  somewhat 
relaxed. 

Unexpectedly,  structural  studies  of  the  corresponding  t-Bu  derivative  also 
indicated  a  trimeric  ring  structure  (Fig.  2).  The  shape  of  this  molecule  is  significantly 
different  from  that  of  the  MejAlNH]  amide,  however.  Whereas  the  (AIN)]  ring  in 
(MejAlNH]))  is  in  the  skew-boat  conformation,  in  the  r-butyi  derivative  it  is  planar, 
with  a  £>]]  molecular  symmetry.  The  Al  and  N  atoms  in  this  ring  remain  four- 
coordinated;  however,  the  bond  angles,  particularly  about  Al,  deviate  substantially 
from  the  ideal  tetrahedral  values.  The  N— AH N  angle  opens  to  106.1*  (compared 
with  the  101.4*  for  the  Me  amide)  and  the  AHN-AI  also  opens,  to  an  extraordinary 
133.9*.  The  most  plausible  explanation  for  this  unusual  planar  conformation  is  steric 
interference  between  the  bulky  (-butyl  groups  on  neighboring  Al  atoms.  In  accord 
with  this  idea,  the  Al-N  bond  length  increases  from  1.958  A  in  (MejAINH])]  to 
2.008  A  in  ((-BujAlNH])].  It  is  notable  that  the  corresponding  “(McjSOjAINH:” 
compound,  in  which  the  i-Bu  groups  of  the  ((-BujAlNH])]  amide  have  been  replaced 
by  SiMe,,  is  a  dimer  in  the  solid  state,  with  a  planar  (AIN)]  ring  [17].  This  may  be 
due  to  the  somewhat  greater  sterk  bulk  of  the  SiMej  group  relative  to  (-butyl, 
rendering  the  1,3  or  1,2  interactions  in  the  hypothetical  trimeric  form  of  the  former 
compound  energetically  •  x>  costly. 

In  general,  it  snms  iikely  that  the  ring  size  of  these  RjAlNHj  compounds 
represent  a  compromise  between  the  opposing  factors  of  ring  strain  and  steric 
interactions  among  the  1,1-,  the  1,2-,  and  the  13-substituents.  A  six-membered  ring 


elsccr0955  /  02-06-93  11:06:21  /  Rev. 9.21 
T?m  CtiarlMworltl  Group,  Huddoraflold  0464  S17077 


a 


Fndtriek  C.  Saab  «  al.{Coord.  Chtm.  Rn.  00  (1993)  000-000 


((rimer)  in  its  chair  conformation  will  have  minimum  ring  strain  but  will  have 
relatively  large  steric  interactions  between  substituents.  A  four-membered  ring  (dimer) 
will  have  greater  ring  strain  but  less  steric  interference.  Thus,  larger  substituents 
should  favor  dimer  over  trimer.  The  substituents  in  a  smaller  ring  will  also  be  more 
accessible  to  solvent;  thus  solvent-substituent  combinations  which  strongly  interact 
would  favor  the  dimer.  Entropy  would  be  expected  to  favor  the  dimer,  but  preferential 
solvation  of  the  dimer  may  reduce  this  effect. 

In  order  to  test  this  reasoning,  we  have  examined  the  behavior  of  a  series  of 
related  organoaiuminiura  amides  in  aromatic  solvents  by  NMR  spectroscopy  [18]. 
We  found  that  each  compound  in  the  series  (RjAlNHj),  (R««  methyl,  ethyl^l^utyl, 
r-butyl)  participates  in  a  dimer-trimer  equilibrium  in  solution.  Examination  of  our 
results  given  in  Table  2  shows  that,  for  R  >■  Me,  Et,  andi^u,  the  larger  the  substituent, 
the  more  the  equilibrium  lies  toward  the  dimer.  AH  becomes  less  positive  as  the 
substituent  size  increases;  AS  b  positive  for  all  substituents. 

The  i-butyl  derivative  has  an  anomalously  high  AH  and  a  very  high  AS.  We 
rationalize  these  results  on  the  basis  of  differential  solvation.  Solvation  will  be 
principally  due  to  the  interaction  of  the  aromatic  a  cloud  of  the  solvent  molecules 
with  the  highly  positive  N— H  of  these  organoaluminium  amides.  For  the  first  three 
compounds,  the  N— H  groups  are  more  accessible  in  the  dimer  than  the  trimer.  Thus 
solvation  will  favor  the  dimer,  making  both  AH  and  AS  more  negative  than  would 
be  the  case  in  the  gas  phase.  Models  show  that  the  r-butyl  groups  ate  so  large  that 
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TABLE  2 


Summanr  of  thennodyoainic  mult*  for  tlw  reactioo  2(tr]*mer)7^3(diii)er) 


Compound 

AH 

(U) 

AS 

(J  K-*) 

(McjAlNH,), 

36±a7 

12 

5.3x10-* 

(|t,AlNH,), 

20±2 

IS 

2Axl0-* 

^u,AlNH,), 

I4±2 

30 

4Jxl0-' 

((-BuiAiNH])} 

30^  i 

104 

17 

(Me,AIN(CH,),), 

69±7 

72 

1.3xl0-‘ 

the  N— H  protons  are  probably  not  solvated  in  either  the  dimeric  or  trimeric  forms. 
The  results  for  this  compound  are  thus  a  better  representation  of  the  intrinsic 
behavior  of  the  molecule,  undistorted  by  solvent  effects. 

Also  given  in  Table  2  are  data  for  a  related  compound,  [MejAlNfCHj}]]],  in 
which  the  substituent  group  on  the  N  is  part  of  a  three-membered  ethyieneiraine 
ring.  In  going  from  trimer  to  dimer,  the  bond  angles  within  the  (Al— N).  ring  must 
tend  to  decrease,  causing  an  increase  in  the  exocyclic  bond  angle  at  the  nitrogen. 
When  the  nitrogen  substituenu  arc  small  hydrogen  atoms,  this  is  of  little  consequence. 
However,  when  the  nitrogen  substituents  are  bound  into  an  already  strained  three- 
membered  ring,  any  tendency  toward  expansion  of  the  bond  angle  within  this  ring 
will  be  very  strongly  resisted.  Solvation  of  this  molecule  should  be  weak  in  compari¬ 
son  with  the  N-H  compounds.  The  very  lar^  AH  and  AS  confirm  this  analysis. 

The  monomeric  form  MejAlNHj  has  been  implicated  as  an  intermediate  in 
the  decomposition  of  the  Lewis  add-base  adduct  in  solution  [13]  and  has  also  been 
suggested  to  exist  in  the  vapor  phase  during  MOCVD  of  AIN  using  the  trimeric 
amide  [19,20].  We  therefotc  performed  geueialized  valence  bond  calculations  (GVB) 
on  this  spedes  and  the  related  Ui/JNH]  and  HjSiCHj  to  determine  the  equilibrium 
structures  [21],  Each  is  prediwed  to  have  a  planar  molecular  structure  with  A1°°N 
(or  Si“C)  double  bonds  and  overall  Cj,  symmetry.  The  A1«N  bond  lengths  are 
predi<^ed  to  be  1.80  and  1.78  A,  respectively,  significantly  less  than  the  1.9S8  A 
observed  in  the  methyl  trimer.  Taken  along  with  the  planarity,  this  implies  a  signifi¬ 
cant  amount  of  double  bond  character.  The  optimized  Si*K2  bond  length  is  somewhat 
less,  1.74  A.  Viewing  the  Al-N  bond  as  one  covalent  plus  one  dative  bond,  and  the 
SrKT  as  two  covalent  bonds,  the  longer  A1*N  distance  is  a  reasonable  consequence 
of  the  generally  greater  length  of  dative  bonds. 

We  are  currently  attempting  to  prepare  the  monomeric  McjAINH,  species  in 
the  gas  phase  by  vapor-phase  pyrolysis  of  the  adduct,  and  to  measure  its  microwave 
spectrum.  If  successful,  this  experiment  should  allow  the  determination  of  the  actual 
bond  angles  and  distances  for  this  species  and  thereby  a  direct  comparison  with  the 
predictions  of  this  theoretical  study. 
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4  MECHANmiS 


During  the  dimer-trimer  equilibrium  study,  we  noted  that  the  rate  of  equilibra- 
tioa  deoeased  rapidty  with  increasing  A1  substituent  size  [18].  Of  particular  note, 
amine  exchange  was  rapid,  and  NHj  strongly  catalyzed  the  equilibration.  The 
mechanism  in  Schemes  4(a)  and  1(b)  was  advanced  to  explain  these  observations. 

1  i 
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The  ability  of  NH3  to  open  (AIN)  rings  suggests  an  explanation  for  our 
empirical  observations  [12]  that  pyrolysis  of  the  RjAlNHj  (R-Me,  Et)  amides 
under  ammonia  yields  AIN  of  improved  purity  and  crystallinity.  The  initial  stages 
of  AIN  formation  by  (R2A1NH])3  pyrolysis  are  suspected  to  proceed  by  linkage  of 
the  rings  into  a  network.  It  is  probable  that  during  this  process,  some  Al— R  groups 
are  left  without  H  atoms  on  neighboring  nitrogens.  In  addition,  regions  may  form 
in  which  the  rings  are  misaligned,  such  that  an  aluminium  atom  on  one  ring  is 
^jacent  to  an  aluminium  of  the  next  ring,  rather  than  a  nitrogen.  Fusion  of  such 
rings  is  not  possible.  Ammonia,  by  allowing  ring  opening,  would  facilitate  skeletal 
rearrangement  under  mild  conditions  so  that  RH  elimination  may  occur  instead  of 
pyrolysis  of  the  R  groups.  It  may  also  serve  as  an  alternative  source  of  hydrogen  in 
the  final  conversion  of  (RAINH)  to  AIN,  thereby  circumventing  the  pyrolysis  of 
isolated  Ah-R  groups  to  carbon  and  hydrogen.  Improved  purity  and  crystallinity 
would  naturally  follow. 

The  mechanism  of  Me3AlNH3  decomposition  in  solution  was  also  studied 
[13].  The  reaction  was  found  to  be  autocatalytk,  with  monomeric  Me3AlNH2,  as 
the  Lewis  add  catalyst  (Scheme ^  forming  the  methyl-bridged  intermediate  (;i-Me) 
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Scheme^  Proposed  mecheniim  for  the  tbennel  deoompoeilfoa  of  Me,Al:NH). 
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(MejAlNHj)  (McjAlNH]).  Thu  then  loses  methane  by  proton  transfer  and  rearranges 
to  the  dimeric  form  of  the  product  The  reaction  is  inhibited  by  NHs  and  catalyzed 
by  the  monomeric  Me^AL  The  unstable  (/i-NH})  Or-Me)AliMe«  appears  as  an 
intermediate  in  the  MCjAl-catalyzed  reaction. 

X  CVO  STUDIES  EMPLOVINO  [Me, AINHJ, 

Although  McjAJ  and  NHj  have  been  widely  employed  as  separate  source 
precursors  in  the  CVD  of  AIN  films,  the  tendency  to  form  an  adduct  on  mixing  of 
these  species  in  the  gas  phase,  coupled  with  the  relatively  low  volatility  of  that 
adduct  have  rendered  the  use  of  this  mixed  precursor  system  problematic  [9-11]. 
Also,  the  control  of  product  stoichiometry  requires  the  use  of  a  Urge  excess  of  NHj. 
as  CVD  using  Me3Al  alone  produces  carbon-containing  A1  films.  Finally,  the  temper¬ 
atures  that  have  been  reported  for  the  successful  application  of  this  precursor  system 
are  in  excess  of  IOOO*C,  which  is  substantially  higher  than  that  which  can  be  tolerated 
for  many  potential  applications  for  AIN  films. 

On  the  basis  of  the  significant  volatility  observed  for  [MejAlNH^ls,  as  well  as 
its  structural  and  compositional  reUtionship  to  AIN  (Fig.  3),  we  reasoned  that  these 
problems  associated  with  the  separate  Al  and  N  sources  might  be  overcome  through 
the  use  of  [Me2AlNH]]3  as  a  single-source  precursor  to  AIN.  Our  initial  efforts 
emi^oying  a  simple  low-pressure,  hot-wall  CVD  system  and  [MejAlNH  Jj  alone 
gave  high-quality,  polycrystalline  AIN  films  at  temperatures  of  ca.  SOO^C  or  greater, 
appreciably  lower  than  that  previously  employed  for  the  Mc,Al-(-NH3  system  [22]. 

Recently,  we  have  been  investigating  the  gas-phase  species  produced  in  such  a 
hot-wall  CVD  system  employing  [MejAlNHj]^  by  means  of  molecular  beam  mass 
spectrometry  [19,20].  Our  preliminary  results  suggest  the  existence  of  not  only  the 
dimeric  and  trimeric  form  of  tlie  amide  in  the  gas  phase,  but  also  the  formation  of 
higher  molecular  weight  oligomers  which  appear  to  result  from  the  gas-phase  conden¬ 
sation  reaction  of  these  trimer  and  dimer  species.  We  are  continuing  these  studies  of 


[(CM,),  AINM,|, 


Fit.  3.  Siructural  rtialionihip  between  [Me,AINH,],  and  AIN. 
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the  gas/surfaoe  chemistry  associated  with  the  deposition  of  AIN  using  [MejAlNHjjs 
in  order  to  compare  the  processes  occurring  under  CVD  conditions  with  those  in 
condensed  phases. 

*L  STUDI£SOFTHea,Al4-ciiSmEM 

The  cyclic  oligomer  obtained  from  the  reaction  sequence  described  by  Wiberg 
i^slimiK.^  has  served  as  a  useful  CVD  precursor  to  AIN.  The  corresponding  diethyl- 
aluminium  amide  was  pyrolyzed  in  NHj  to  high  purity,  high  surface  area  AIN 
powder  [12].  For  many  purposes,  however,  a  prooessable  polymer  is  more  desirable. 
In  pursuit  of  such  polymeric  systems,  we  undertook  the  investigation  of  the  reactions 
of  the  R)AI  (R-  Me  and  Et)  with  a  difunctional  amine,  ethylenediamine  (en)  [23-25]. 

These  reactions  were  conducted  using  two  diflerent  ratios  of  the  trialkylalumi- 
nium  compounds  with  eiL  A  2: 1  mixture  of  Et3Al  and  ethylenediamine  heated  for 
I2h  at  80*C  was  found  to  yield  a  viscous,  hydrocarbon-soluble  polymer  with  a 
molecular  weight  near  1600.  On  the  other  hand,  a  1 : 1  ratio  of  these  two  components 
pve  an  intractable  solid  under  the  same  reaction  conditions.  The  composition  of 
both  polymers  corresponded  approxinutely  to  that  expected  for  the  loss  of  one  mole 
of  ethane  per  EtjAl,  forming  diamides  or  monoamides  from  the  diamine. 

In  an  effort  to  determine  the  origin  of  the  differences  observed  for  the  properties 
of  these  two  amides,  and  to  investigate  the  pathways  by  which  these  amides  are 
formed,  we  undertook  a  detailed  study  of  these  reactions  with  the  aid  of  solution 
NMR  ('H,  ‘*C,  and  ^’Al)  and  IR  spectroscopies,  as  well  as  by  carrying  out  GC, 
TGA,  DSC  and  elemental  analyses  on  the  intermediate  and  final  products.  In  the 
case  of  the  R  =>  Me  compounds,  we  were  also  able  to  isolate  two  key  intermediates 
along  the  way  to  the  final  polymeric  amides  and  to  obtain  single  crystals  suitable 
for  XRD. 

Our  results  suggest  that  the  thermolyses  of  the  two  RjAhen  adducts  in  hydro¬ 
carbon  solutions  proceed  through  a  common  chelated  A](en-H)  derivative,  [(RjAKen- 
HXRiAi)]  (2).  As  is  illustrated  in  Schem^  the  fate  of  this  intermediate  depends  on 
the  availability  of  uncomplexed  ea  and/or  the  I :  I  R)AI;en  adduct,  which  can  react 
with  the  intermediate  2,  so  as  to  produce  R)i.2.Ali(en-2H},  cluster  species  that 
contain  five-  and  six-coordinated  Ai  atoms.  These  cluster  species  then  apparently  go 
on  to  form  cross-linked,  insoluble,  polymeric  networks  through  condensation  reac¬ 
tions  involving  the  multiple  N— H  and  Me-Al  groups  on  the  periphery  of  the  cluster. 
In  the  case  of  the  2 : 1  Rj Al :  en  mixture,  we  postulate  that  the  lack  of  appreciable  en 
or  I :  I  R3A1 :  en  adduct  in  solution  leads  to  self-condensation  of  the  initial  intermedi¬ 
ate  2,  through  the  RjAl  and  NHj  groups  available  on  each  monomer  unit,  to  form 
a  linear,  soluble  (for  RaEt),  polymeric  amide  of  the  approximate  composition 

[RAl(en-2H)],r 

In  the  case  of  the  Me3Al :  en  mixtures  involving  a  higher  Al :  en  ratio,  we  were 
able  to  isolate  two  distitKt  intermediates  and  to  determine  their  molecular  structures 
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by  tingle  aysul  XRD.  The  no^  ttnictures  of  these  two  intennediajssrnr^vE^  en- 
2H  ligands  both  chelate  and  bridge  Al  atonu  to  form  dusters, 

are  shown  in  Figs.  4  and  5.  The  MeAlC(HNCHjCH2NH)Amie)]a  duster,  which  is 
illustnited  in  Fig.  4,  contains  one  central  five-coordinated  Al  atom  in  a  distorted 
trigonal  bipyramidal  environment  connecusd  to  two  four-coordinated,  pseudo- 
tetrahedral  Al  atoms  by  — NH  bridges  [23].  In  the  presence  of  additional  en,  this 
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species  goes  on  Co  fonn  *  higher  nucleaiity  duster,  AI[(HNCHiCHtNK}AlMei]3 
[23],  that  contains  a  rare  six-coordinated,  A1N«  species  in  a  distorted  ocUhedral 
configuration  surrounded  by  .hree  other  four-coordinated  A1  atonu  (Fig.  S).  These 
three  RjAl  spedes  bridge  the  en-2H  ligands  of  the  central  pseudo-octahedral  AKen- 
2H}]  complex  to  fbrm  three,  four-membered,  AijNj  rings. 

T.  CONCLUSION 

In  summary,  our  on-going  studies  of  organoaluminium  amides  as  precursors 
to  AIN  have  already  yielded  some  novd  structures  and  reactions,  as  well  as  some 
potentially  useful  routes  to  AIN  powder  and  films.  At  the  same  time,  these  studies 
have  provided  new  information  regarding  the  (actors  that  control  the  structures  and 
reactivity  of  this  class  of  aluminium  coordination  compounds. 

Our  current  efforts  are  directed  primarily  to  the  detailed  study  of  the  diemistry 
occuring  during  CVD  of  AIN  using  [MejAlNH2]j.  Molecular  beam  sampling  of  the 
gaseous  species  present  in  a  hot-wall  CVD  reactor  are  being  combined  with  micro¬ 
wave  studies  of  the  adduct  and  amide  in  the  gas  phase.  We  are  also  examining  the 
surface  chonistry  by  temperature  programmed  desorption  and  other  methods.  Our 
aim  in  these  studies  is  to  understand  the  gas-phase  and  surface  chemistry  of  this 
system  in  suffident  detail  to  allow  its  effective  use  in  the  MOCVD  of  AIN.  We  are 
also  examining  the  possibility  of  preparing  AlN/llN  solid  solutions  or  nanocom- 
posites  using  aluminium  and  titanium  amides  as  precursors. 
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